The pathway for L-arabinose metabolism in Herbaspirillum seropedicae was shown to involve nonphosphorylated intermediates and to produce alpha-ketoglutarate. The activities of the enzymes and the natures of several intermediates were determined. The pathway was inducible by L-arabinose, and two key enzymes, L-arabinose dehydrogenase and 2-keto-glutarate semialdehyde dehydrogenase, were present in all strains of H. seropedicae tested.
Herbaspirillum seropedicae is a new species of aerobic, nitrogen-fixing bacteria found in soils and associated with the roots of Gramineae such as sorghum, maize, and rice (1) . The organism grows diazotrophically under microaerobic conditions and is capable of utilizing organic acids such as malate, fumarate, succinate, pyruvate, and citrate and carbohydrates such as D-glucose, D-galactose, L-arabinose, mannitol, sorbitol, and glycerol as the sole carbon sources (1) . There are no reports on the metabolism of carbohydrates in this organism.
L-Arabinose is a carbon source widely used by microorganisms, including diazotrophs such as Azospirillum spp. (11) , Bradyrhizobium spp. (6, 15) , and Rhizobium spp. (6) .
Four pathways for L-arabinose degradation in bacteria, two involving phosphorylated intermediates (2, 16) and two involving nonphosphorylated intermediates (3, 6, 13, 15, 17, 20, 21) , have been described. In the pathways involving nonphosphorylated intermediates, L-arabinose is converted into a common intermediate, 2-keto-3-deoxy-L-arabonate (L-KDA), by the consecutive action of the enzymes Larabinose:NAD+-1-oxy-reductase (EC 1.1.1.46; L-arabinose dehydrogenase), L-arabinono-gamma-lactone lactone-hydrolase (EC 3.1.1.15; L-arabinonolactonase), and L-arabinonate hydrolyase (EC 4.2.1.25; L-arabinonate dehydratase). Two alternative pathways are involved in further degradation of L-KDA. In Bradyrhizobium japonicum (6, 15) , Bradyrhizobium cowpea strain 32H1 (6) , and Pseudomonas strain MSU-1 (3), L-KDA is cleaved by 2-keto-3-deoxy-L-pentonate glycolaldehyde-lyase (EC 4.1.2.18; 2-keto-3-deoxy-Lpentonate aldolase) into pyruvate and glycolaldehyde. On the other hand, in Pseudomonas spp. (17, 20, 21) , Azospirillum brasilense (13) (12) . L-Arabonate-gammalactone was prepared by boiling potassium L-arabonate in 0.1 M HCl for 5 min in a water bath (20) . 2-Keto-3-deoxy-DL-arabonate (DL-KDA) was prepared as described by Stoolmiller and Abeles (17) . Lactate and L-glutamate dehydrogenases were from Boehringer Mannheim GmbH and Sigma Chemical Co., respectively. L-Arabinose dehydrogenase activity was determined by monitoring the reduction of NAD(P) + at 340 nm at 25°C. The reaction mixture (3 ml) contained 300 ,umol of glycine-NaOH buffer (pH 9.5), 30 pLmol of L-arabinose, 1.5 Fmol of NAD+ or NADP+, and enzyme.
L-Arabono-gamma-lactonase activity was determined by monitoring the disappearance of the lactone at 30°C, as previously described (15) . The reaction mixture (0.5 ml) contained 25 p.mol of HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer (pH 7.2), 12.5 ,umol of L-arabono-gamma-lactone, and enzyme.
L-Arabonate dehydratase activity was determined by monitoring the rate of keto acid accumulation with semicarbazide (15) . The reaction mixture (0.4 ml) contained 20 ,umol of HEPES (pH 7.2), 25 JImol of L-arabonate, 2 ,umol of MgCl2, and enzyme and was incubated at 30°C.
2-Keto-3-deoxy-L-arabinonate dehydratase activity was determined at 30°C by monitoring either the disappearance of DL-KDA in conjunction with the thiobarbituric acid reagent (22) or the appearance of additional carbonyl groups in conjunction with 2,4-dinitrophenylhydrazine reagent (8) . The reaction mixture (1.0 ml) contained 50 ,umol of HEPES (pH 7.2), 20 p.mol of DL-KDA, and enzyme.
Alpha-ketoglutarate semialdehyde dehydrogenase activity was determined as previously described (17) . The 2-Keto-3-deoxy-L-pentonate aldolase activity was determined following the condensation of pyruvate and glycolaldehyde at 30°C, as previously described (15) . The reaction mixture (0.35 ml) contained 10 ,umol of HEPES buffer, S ,umol of sodium pyruvate, 5 ,umol of glycolaldehyde, 2 ,umol of MgC12, and enzyme. The L-KDA formed was quantified by the thiobarbituric acid procedure (22) .
L-Arabinose isomerase activity was determined by the procedure of Simpson et al. (16) . The reaction mixture (1 ml) contained 300 ,umol of glycylglycine, 20 ,umol of L-arabinose, 20 ,umol of MgCl2, 10 ,umol of cysteine hydrochloride, and enzyme at 30°C. Keto sugars were determined by the cysteine-carbazole method (5) .
L-Arabinose reductase activity was measured in both reductive and oxidative directions. In the reductive direction, the formation of arabinitol (NADPH consumption) was monitored as described by Chiang and Knight (2) . The reaction mixture (3.0 ml) contained 200 ,umol of phosphate buffer (pH 7.2), 30 ,umol of L-arabinose, 0.8 ,umol of NADPH, and enzyme. In the oxidative direction with the formation of L-arabinose (NADPH formation), the method used was that described by Veiga (19) . The reaction mixture (3.0 ml) contained 300 ,umol of glycine-NaOH (pH 9. The reaction product of L-arabinose dehydrogenase was identified as L-arabono-gamma-lactone by paper chromatography in the following solvent systems: 1-butanol-pyridine-H20 (6:4:3) or 1-propanol-formic acid-H20 (6:3:1). This intermediate and its chemical standard were revealed with the alkaline silver nitrate reagent (18) . L-KDA was identified by chromatography in the same solvent systems and also by the absorption spectra of the chromogen obtained after periodate degradation and reaction with thiobarbituric acid (22) .
H. seropedicae cells in NFb medium containing L-arabinose or sodium DL-lactate grow at similar rates (doubling times of about 90 min) and to similar final cell densities (600 Klett units; filter 54). For this reason, lactate was chosen as a comparative C source for the study of enzymatic activities. The activities of the enzymes involved in the metabolism of L-arabinose by H. seropedicae are presented in Table 1 . Cell extracts of H. seropedicae were found to reduce NAD+ or NADP+ in the presence of L-arabinose. The level of NAD+-dependent activity increased significantly during growth in L-arabinose. No significant variation in the level of NADP+-dependent activity was observed in cells grown in lactate or L-arabinose. High levels of an apparently constitutive lactonase were found. The rate of L-arabonate dehydration by L-arabonate dehydratase increased two to three times in cells grown on L-arabinose. Similar increases were observed for the activities of 2-keto-3-deoxy-L-arabinonate dehydratase. The NAD+-dependent alpha-ketoglutarate semialdehyde and L-arabinose dehydrogenase activities increased The product of L-arabinose dehydrogenase was identified as L-arabono-gamma-lactone by paper chromatography in the two solvent systems described'above. Further hydrolysis of the lactone yielded L-arabonate, which was also identified in the same chromatographic systems. A 2-keto-3-deoxyaldonate formed from L-arabonate' by an enzyme of H. seropedicae was identified by the absorption spectrum of the chromogen formed in the thiobarbituric acid procedure.
Consumption of DL-KDA was accompanied by the simultaneous and stoichiometric appearance of an additional carbonyl group, as revealed by reaction with 2,4-dinitrophenylhydrazine (Fig. 1) . The new carbonyl compound formed was found to be neither pyruvate nor glycolaldehyde. Furthermore, no 2-keto-3-deoxy-L-pentonate aldolase activity was found by the condensation assay.
Data showing the conversion of DL-KDA into alpha- , and enzyme. The reaction was run at 30°C for 60 min. DL-KDA and alpha-ketoglutarate were determined by procedures described previously (13, 22) . No alpha-ketoglutarate was produced in controls without DL-KDA or enzyme.
ketoglutaric acid are presented in Table 2 . As described above, DL-KDA was consumed by an enzyme in the absence of NAD(P)+, and a new carbonyl compound ( Fig. 1 ) but no alpha-ketoglutarate was formed. Formation of alpha-ketoglutarate, however, depended on the presence of NAD+.
Arsenite, an inhibitor of alpha-ketoglutarate dehydrogenase (21) , increased the accumulation of alpha-ketoglutarate. Although alpha-ketoglutarate semialdehyde has not been characterized, the evidence suggests that it is an intermediate between L-KDA and alpha-ketoglutarate, as has been demonstrated in Pseudomonas spp. (17, 20, 21) . The stoichiometric conversion of both stereoisomers of KDA into alphaketoglutarate semialdehyde was observed ( Fig. 1 ) and suggests that additional enzymes, e.g., racemases or a 2-keto-3-deoxy-D-arabonate dehydratase, exist or that the present dehydratase act on both forms of KDA. Alphaketoglutarate semialdehyde dehydrogenase activity (Table 1) was determined by using the alternative substrate glutaraldehyde, as suggested by Stoolmiller and Abeles (17) . Attempts to detect L-arabinose isomerization have failed. Similarly, the lack of a 2-keto-3-deoxy-L-pentonate aldolase activity and an NADPH-dependent L-arabinose reductase suggests that H. seropedicae possesses only one pathway by which to degrade L-arabinose.
Similar levels of L-arabinose and alpha-ketoglutarate semialdehyde dehydrogenases were found in other strains of H. seropedicae (Table 3 ). Attempts to detect 2-keto-3-deoxy-Lpentonate aldolase in all these strains have also failed.
The results indicate that L-arabinose is metabolized by H. seropedicae by a pathway involving nonphosphorylated intermediates, with the production of alpha-ketoglutarate. This pathway (Fig. 2) involves the enzymes L-arabinose dehydrogenase, L-arabono-gamma-lactonase, L-arabonatedehydratase, 2-keto-3-deoxy-L-arabinonate dehydratase, and alpha-ketoglutarate semialdehyde dehydrogenase and the intermediates L-arabono-gamma-lactone, L-arabonate, L-KDA, alpha-ketoglutarate semialdehyde, and alpha-ketoglutarate.
The ability of H. seropedicae to utilize L-arabinose oxidatively to produce an important Krebs cycle intermediate (alpha-ketoglutarate) may endow this organism with better chances of survival when it utilizes the decomposition products of root cell walls.
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